A flexible and short synthesis of sulfonamide-bridged di-, tri-, tetra-and octasaccharide glycomimetics was accomplished by reaction of glycosyl thioacetates with amino sugar substrates.
Introduction
Carbohydrates play an important role in diverse biological events and in principle offer immense opportunities for therapeutic drug development, yet in practice constitute relatively few drugs. 1 Native glycosidic bonds are sensitive to hydrolysis by endogenous glycoside hydrolases, and it is this liability that has led to the avoidance of carbohydrate-based molecules for in vivo applications. 1 Synthetic glycomimetics are designed to circumvent in vivo problems and recent trends demonstrate that glycomimetics are increasingly emerging as lead compounds for drug discovery and as probes for chemical biology research. 1, 2 The rationale is to replace the enzymatically labile glycosidic bond with a covalent, robust, non-native linker to address inherent metabolic instability.
The development of straightforward synthetic methods towards novel, stable and short linkers between sugar building blocks is needed to support the discovery of new glycomimetics with potential bioactive properties. 2 The structural complexity of natural carbohydrates stems from linking saccharide building blocks in variable arrangements via a glycosidic bond, hence the synthesis of both head-to-head and head-to-tail linkages is ideally sought. 2 Existing replacements for the native glycosidic bond, comprising one or two bridging atoms between the pyranosyl moieties, are summarized in Figure 1 . It is apparent that relatively few head-to-head (1↔1) or headto-tail (1→2), (1→3), (1→4) and (1→6) linkers are known in the literature. Highly significant to this study is that straightforward and general synthetic methodology to link two sugars is not yet available. The S-and C-glycosides are the most well documented replacements for the native glycosidic bond.
Figure 1.
Known head-to-head (1↔1) [4] [5] [6] [7] [8] or head-to-tail (1→2) [9] [10] [11] [12] , (1→3) 13, 14 , (1→4) [15] [16] [17] [18] and (1→6) [19] [20] [21] [22] [23] glycomimetic disaccharides. ( represents the pyranosyl moiety).
Results and Discussion
Given there is no prior general methodology that provides a common synthetic route to glycomimetics linked via the anomeric centre of one glycosyl residue to all positions of the second residue we decided to target this challenge. Our laboratory recently developed a synthesis of Sglycosyl primary sulfonamides, 24 ,25 a class of molecules that had remained elusive using conventional synthetic routes towards sulfonamides. Herein we expand the utility of our recent synthetic methodology to covalently tether sugar moieties via a sulfonamide bridge. The sulfonamide moiety has not previously been utilized to join carbohydrates to generate either S-or N-linked carbohydrates of the type [(sugar) n -SO 2 -NH-(sugar) n , n ≥ 1]. We first explored the synthesis of (1↔1), (1→2), (1→3), (1→4) and (1→6) sulfonamide-bridged disaccharides, Figure 2 . The chemistry we proposed had a requirement for S-glycosyl thioacetate and a panel of amino sugar partners as reagents. These carbohydrate reagents are readily available from either commercial sources and/or through chemical synthesis. 26, 27 Specifically, we examined the reaction of 1-S-acetyl-2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranose (1) with each of per-O-acetylated glucosylamine 6, 2-glucosamine (7), 3-amino-glucose (8) , methyl 4-amino-glucoside (9) and methyl 6-amino-glucoside (10), Scheme 1. The reaction of thioacetate 1 with amines 6-10 in the presence of diethylbromomalonate generated the corresponding sulfenamide linked disaccharides in all cases (14a-18a). Oxidation of 14a-18a with excess m-CPBA gave the target sulfonamide-linked The yield of purified sulfenamides was in general good, however in cases where the yield was low this could be readily accounted for. The reaction to form sulfenamides 14a (43%) and 22a
(23%) proceeds with the formation of two side-products: (i) a disulfide 29 and (ii) a diglycosylamine (possible only from amino sugars 6 and 11). 30 The side-products were formed in small amounts however their chromatographic separation from the target sulfenamides proved difficult owing to similar physical properties. The lower yield for the synthesis of the (1→3) analog 16a (27%) and 24a (39%) may be a result of the possible lower reactivity of the 3-position of reagents 8 and 12.
31
As a further test of the scope of this methodology we assessed the presence and removal of base-and acid-labile protecting groups, a combination commonly encountered in carbohydrate chemistry. Amine 13, a furanose derivative synthesized from commercially available 1,2:5,6-di-Oisopropylidene-α-D-glucofuranose, comprises two isopropylidene acetal protecting groups.
Synthesis of sulfenamide 26a (from 1 and 13), oxidation to sulfonamide 26b, cleavage of the acetates of 26b to give 26c, followed by stepwise removal of the acetals of 26c to give 26d and 26e, respectively, confirmed that the sulfonamide glycomimetics are stable to both the base and acid conditions required for the removal of the respective protecting groups, Scheme 2. SCHEME 2. Compatibility with base-and acid-labile protecting groups.
Conclusion
In summary, we have targeted the synthesis of glycomimetics, a challenging area of chemistry with a high and, until now, unmet demand for broadly scoped and general synthetic approaches towards robust glycomimetic linkers. We have synthesized sulfonamide-bridged di-, tri-, tetra-and octasaccharide glycomimetics using a uniform, straightforward and short synthesis starting from a selection of readily accessible 1-thioacetyl glycose and amino sugar reagents. The primary limitation identified with this approach is a requirement to use excess reagents. The incorporation of the sulfonamide linker in place of a native O-glycosidic bond has allowed access to head-to-head (1↔1) and head-to-tail (1→2), (1→3), (1→4) and (1→6) sulfonamide-bridged glycomimetics. The chemistry is compatible with larger sugars, variable stereochemical arrangements and acid-and base-labile protecting groups. This chemistry, in combination with the impressive pharmaceutical pedigree of the sulfonamide moiety, featuring in the chemical structure of >100 marketed drugs, 32 affirms the versatility of the sulfonamide moiety as a synthetically universal linker between carbohydrate building blocks. This implies tremendous future potential for the application of sulfonamide-bridged glycomimetics in drug discovery and glycobiology, wherein it is desirable to introduce an unnatural link in place of the native glycosidic bond.
Experimental Section
All starting materials were purchased from commercial suppliers. S-acetyl thioglycoses were synthesized according to literature methods. 27 Amino sugar reagents were either purchased from commercial suppliers or synthesized according to literature methods. [33] [34] [35] [36] [37] [38] [39] All reactions were monitored by TLC using 4 Coupling constants are reported in Hertz (Hz). Numbering of di-, tri-and tetrasaccharides used for NMR assignments is shown below.
Melting points are uncorrected. High-and low-resolution mass spectra were acquired using electrospray as the ionization technique in positive ion and/or negative ion modes as stated. All MS analysis samples were prepared as solutions in methanol. Optical rotations were measured at 25 °C with Na-589 nm wave length and a 100 mm cell and reported as an average of ten measurements. 
67.3 (C-2 α ); 66.9 (C-2 β ); 61.8 (C-6 α , C-6 β ); 61.3 (C-6" α , C-6" β ); 20. 
3-Deoxy-3-N-(2,3,4,6-tetra-O-acetyl-1-S-β-D-glucopyranosyl)-α,β-D-glucopyranose (16a).
Compound 16a was obtained from compound 1 and amine 8 according to the general procedure 1. 
2-Deoxy-2-N-(1-S-β-D-glucopyranosyl)-2-sulfonylamino-α,β-D-glucopyranose (15c)
.
3-Deoxy-3-N-(1-S-β-D-glucopyranosyl)-3-sulfonylamino-α,β-D-glucopyranose (16c

Methyl 4-deoxy-4-N-(1-S-β-D-glucopyranosyl)-4-sulfonylamino-α-D-glucopyranoside (17c).
The title compound 17c was obtained from compound 17b according to the general procedure 3.
The lyophilized compound was obtained as a highly hygroscopic white solid (99% yield). R f = 0.04 
Methyl 6-deoxy-6-N-(1-S-β-D-glucopyranosyl)-6-sulfonylamino-α-D-glucopyranoside (18c).
The title compound 18c was obtained from compound 18b according to the general procedure 3.
The lyophilized compound was obtained as a highly hygroscopic white solid (87% yield). R f = 0.15 (1à4)-1,2,3,6-tetra-O-acetyl-1-S-β-D-glucopyranosyl) 70.0 (C-3); 60.9 (C-6'); 60.4 (C-6); 54.7 (OCH 3 ); 44.7 (C-6"), assignments were confirmed by 1 H-
Methyl 6-deoxy-6-N-([(2,3,4-tri-O-acetyl-α-D-xylopyranosyl)-(1à6)]-(2,3,4-tri-O-acetyl-β-Dglucopyranosyl)-(1à4)-[(2,3,4-tri-O-acetyl-α-D-xylopyranosyl)-(1à6)]-(2,3-di-O-acetyl-β-Dglucopyranosyl)-(1à4)-[(2,3,4-tri-O-acetyl-α-D-xylopyranosyl)-(1à6)]-(2,3-di-O-acetyl-β-Dglucopyranosyl)-
)
